The bacterial alarmone ppGpp is present only in bacteria and the chloroplasts of plants, but not in mammalian cells or eukaryotic micro-organisms such as yeasts and fungi. The importance of the ppGpp signalling system in eukaryotes has therefore been largely overlooked. Here, we demonstrated that heterologous expression of a relA-spoT homologue (Sj-RSH) isolated from the halophilic plant Suaeda japonica in the yeast Saccharomyces cerevisiae results in accumulation of ppGpp, accompanied by enhancement of tolerance against various stress stimuli, such as osmotic stress, ethanol, hydrogen peroxide, high temperature and freezing. Unlike bacterial ppGpp accumulation, ppGpp was accumulated in the early growth phase but not in the late growth phase. Moreover, nutritional downshift resulted in a decrease in ppGpp level, suggesting that the observed Sj-RSH activity to synthesize ppGpp is not starvation-dependent, contrary to our expectations based on bacteria. Accumulated ppGpp was found to be present solely in the cytosolic fraction and not in the mitochondrial fraction, perhaps reflecting the ribosomeindependent ppGpp synthesis in S. cerevisiae cells. Unlike bacterial inosine monophosphate (IMP) dehydrogenases, the IMP dehydrogenase of S. cerevisiae was insensitive to ppGpp. Microarray analysis showed that ppGpp accumulation gave rise to marked changes in gene expression, with both upregulation and downregulation, including changes in mitochondrial gene expression. The most prominent upregulation (38-fold) was detected in the hypothetical gene YBR072C-A of unknown function, followed by many other known stress-responsive genes. S. cerevisiae may provide new opportunities to uncover and analyse the ppGpp signalling system in eukaryotic cells.
INTRODUCTION
Guanosine 59-diphosphate 39-diphosphate (ppGpp) is a bacterial alarmone, which is produced when cells encounter adverse environmental conditions, such as the limited availability of essential nutrients. This so-called 'stringent response' is one of the most important adaptations by which bacteria survive harsh conditions (Braeken et al., 2006; Cashel et al., 1996) . The stringent response was originally characterized as the rapid downregulation of stable RNA synthesis during amino acid starvation in Escherichia coli.
Thus, the hallmark of the stringent response is accumulation of the effector molecule ppGpp. Two proteins, RelA and SpoT, are involved in stress-induced ppGpp accumulation in E. coli. RelA induces ppGpp synthesis from GTP or GDP in response to amino acid starvation by interacting with 70S ribosomes, which are activated by the binding of uncharged tRNA to the A site (Braeken et al., 2006; Cashel et al., 1996; Chatterji & Ojha, 2001; Magnusson et al., 2005; Potrykus & Cashel, 2008) . SpoT is a bifunctional ppGpp synthetase and hydrolase enzyme. It has been reported that the SpoTmediated synthesis of ppGpp is induced under certain conditions (depending on fatty acid level), and it has been suggested that SpoT may play a relevant role in ppGpp turnover under certain stress conditions (Potrykus & Cashel, 2008) . In contrast, many other bacterial species contain only one RelA-SpoT homologue, with both ppGpp synthetase and hydrolase activities, which is therefore often designated RSH (RelA-SpoT homologue). The intracellular ppGpp level is modulated by such bifunctional enzymes through the two distinct active sites (Braeken et al., 2006; Cashel et al., 1996; Hogg et al., 2004) .
Recent studies of the stringent response indicate that RelASpoT homologues exist not only in bacteria but also in plants (Givens et al., 2004; Kasai et al., 2002; Masuda et al., 2008; van der Biezen et al., 2000) , and that ppGpp is actually accumulated in plant cells in response to a wide range of stressful stimuli, such as wounding, heat shock, high salinity, acidity, heavy metals, drought and irradiation (Takahashi et al., 2004) . Importantly, despite the wide or ubiquitous distribution of relA or RSH in bacteria and plants, neither relA and RSH genes nor ppGpp per se have yet been identified in animals or eukaryotic micro-organisms such as yeasts and fungi. Although the mechanism of ppGpp synthesis is rather poorly understood Tozawa & Nomura, 2011; Tozawa et al., 2007) , there is accumulating evidence regarding the function of ppGpp in reorienting cellular metabolism and its physiological consequences, including research into sporulation (Balzer & McLean, 2002; Lemos et al., 2004; Ochi et al., 1981) , competence (Inaoka & Ochi, 2002) , fruiting body formation (Harris et al., 1998) , antibiotic production (Bibb, 2005; Hesketh et al., 2001; Hoyt & Jones, 1999; Inaoka et al., 2003; Ochi, 1987a Ochi, , 2007 Sun et al., 2001) , development of persistence (Dahl et al., 2003; Korch et al., 2003) , quorum sensing (Baysse et al., 2005; Harris et al., 1998; van Delden et al., 2001) , biofilm formation (Balzer & McLean, 2002) , pathogenesis (Erickson et al., 2004; Gaynor et al., 2005; Godfrey et al., 2002; Haralalka et al., 2003; Pizarro-Cerdá & Tedin, 2004; Song et al., 2004) and symbiosis (Moris et al., 2005; Wells & Long, 2002; Zhang et al., 2004) . The RNA polymerase is the primary target for ppGpp, as confirmed recently by X-ray crystallographic analysis of an RNA polymerase-ppGpp complex (Artsimovitch et al., 2004; Chatterji et al., 1998; Sato et al., 2009) . In Bacillus subtilis, the stringent response is directly elicited by an abrupt decrease in GTP level. Some physiological processes in B. subtilis, such as sporulation, competence and suppression of rRNA synthesis, result from indirect functions of ppGpp, by which ppGpp potently inhibits inosine monophosphate (IMP) dehydrogenase, leading to a marked decrease in size of the GTP pool (Inaoka & Ochi, 2002; Krásný & Gourse, 2004; Ratnayake-Lecamwasam et al., 2001 ).
The accumulating data regarding the involvement of ppGpp in a variety of phenotypes in bacteria and plants support a conserved role of this alarmone in physiological adaptation of organisms to environmental conditions. Despite the essential lack of a relA-spoT homologue and ppGpp in the yeast Saccharomyces cerevisiae, Yamada et al. (2003) found that heterologous expression of RSH isolated from the plant Suaeda japonica (named Sj-RSH; highly homologous with At-RSH2 and At-RSH3 of Arabidopsis thaliana) conferred salt tolerance upon S. cerevisiae. Although no attempts were made to detect ppGpp, the results raise the possibility that eukaryotic cells, including yeasts, although not capable of synthesizing ppGpp by themselves, may have latent systems to respond to ppGpp. The present study focused on the physiological analysis of Sj-RSH-expressing S. cerevisiae, accompanied by microarray analysis.
METHODS
Yeast strains and media. S. cerevisiae strains YM4271 (MATa, ade5, 112, gal4D, gal80D, ade5 : : hisG) and INVSc1 (his3D1/his3D1, leu2/ leu2, trp1-289/trp1-289, ura3-52/ura3-52) were purchased from Takara Clontech and Invitrogen, respectively. Plasmid pAUR123 was purchased from Takara Clontech, and plasmids pYC2/CT and pYES2 were from Invitrogen. YM4271 and its transformants were maintained on YPD agar containing 10 g yeast extract (Difco), 20 g peptone (Difco) and 20 g glucose per litre. Strain INVSc1 and its transformants were grown in synthetic complete (SC) medium (Sherman, 1991) lacking uracil to maintain the plasmid harbouring the ura3 gene. The disruptant of the YBR072C-A gene (ID no. 7453, catalogue no. YSC1021-97228610) and its parent strain BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0) were purchased from Open Biosystems. All cultivations were performed at 30 uC with rotary shaking (190 r.p.m.) , unless otherwise noted.
Plasmid construction. To express Sj-RSH in yeast, the full-length Sj-RSH cDNA fragment (Yamada et al., 2003) was digested with SmaI and XhoI and cloned into the yeast expression plasmid pAUR123 that had been treated with the same enzymes, generating pAUR-SjRSH. To construct the Sj-RSH-EGFP fusion plasmid, the enhanced GFP (EGFP) gene fragment was excised from pEGFP (Clontech) using SmaI and StuI and inserted into the HpaI site of pAUR-SjRSH, thus generating pTN1010. As a control plasmid, pTN1008, a pAUR123 derivative carrying native EGFP, was also constructed in the same manner. To construct plasmid pTN1034, the coding sequence of Sj-RSH was cloned into a V5-epitope tag pYC2/CT vector (Invitrogen) as follows. The Acc65I-XbaI fragment from pAUR-SjRSH was inserted into the pYC2/ CT vector, and then the 39 untranslated region was removed by digestion with HpaI and XbaI. The DNA fragment containing Sj-RSH and vector sequences was isolated, blunt-ended and self-ligated to yield pTN1034. The 59 untranslated region was removed from pTN1034 by SspI digestion and self-ligation to generate pTN1035. Sj-RSH lacking the putative chloroplast-targeting signal [(DcTP2)Sj-RSH] was constructed as follows. The target region was amplified using pTN1035 as a template and the primers TNP-064 (59-CGGGGTACCATGTG-CTCGTCGAGTTCCTCGC-39; XbaI site underlined) and TNP-065 (59-GCTCTAGAACTTCTCCAGCCAGCCACACTAGTATTAGTGG-39; Acc65I site underlined). The PCR fragment was digested with Acc65I and XbaI, and cloned into pYC2/CT that had been treated with the same enzymes, thus generating pTN1036. pYES2-SjRSH, which harbours the Sj-RSH gene under the control of the GAL1 promoter, was constructed as described previously (Yamada et al., 2003) . All plasmid sequences were checked by DNA sequencing.
RNA preparation and DNA microarray analysis. S. cerevisiae cells grown for the indicated time were placed into 50 ml tubes with cycloheximide (final concentration 10 mg ml 21 ), and then centrifuged at 3000 g for 5 min at 4 uC. Cell pellets were frozen and kept at 280 uC until use for RNA extraction. Total RNA was extracted using Isogen-LS reagent (Nippon Gene) with chloroform, and purification was done following the manufacturer's instructions. Purification was further performed using an RNeasy kit with RNAse-free DNase I (Qiagen). The concentration of purified RNA was determined spectroscopically at 260 nm. Microarray analyses were performed with a NimbleGen microarray (Roche) using the NimbleGen S. cerevisiae Gene Expression 126135 Array. The results were confirmed by real-time quantitative PCR (RT-qPCR) analysis of gene transcription using the primers listed in Table 1 . The transcription of 18S rDNA was used as an internal control. The data obtained by microarray analysis were deposited in the National Center for Biotechnology Information (NCBI), Bethesda, USA (Accession no. GSE38239).
RT-qPCR analysis. cDNA was generated from purified total RNA (1 mg) by reverse transcription (PrimeScript, 200 U per reaction; Takara) at 42 uC using oligo(dT) 20 , and then subjected to RNaseH treatment (2 U per reaction). Aliquots of 50 ng per assay were used for analysis using Power SYBR Green PCR Master Mix and the 7300 Real-Time PCR system (Applied Biosystems). For quantification of Sj-RSH gene expression, the following PCR primers were used: TNP-067 [forward primer for Sj-RSH FW (59-GATTTGCTGCTCACTG-GAGG-39)] and TNP-004 [reverse primer for Sj-RSH RV (59-GTCCATCATGATTAGGCTGAGG-39)]. For quantification of ACT1 expression (encoding yeast actin), the following PCR primer set was prepared: TNP-061 (ACT1 forward primer, 59-GCGTGAATGTAAG-CGTGAC-39) and TNP-062 (ACT1 reverse primer, 59-GTCAAGA-TCATTGCTCCTCC-39). The standard curve for quantification was generated by serial dilution of plasmid pAUR-SjRSH. The standard curves for ACT1 quantification were calculated by serial dilution. The thermocycler was programmed as follows: 95 uC for 5 min, followed by 40 cycles of 95 uC for 30 s (step 1), 54 uC for 30 s (step 2), and 72 uC for 40 s (step 3). Data collection and real-time analysis were performed at step 3. After the final cycle, melting curve data were collected.
Observation of GFP expression. Cells harbouring plasmid pTN1010 or pTN1008 were grown to early growth phase (3-5 h) in YPD medium containing 0.5 mg aureobasidin A ml 21 . Then, 1 ml cell suspension was transferred into 450 ml of 1 M sorbitol solution, and incubated at 28-30 uC for 1 h. Green fluorescence representing the presence of fusion protein was visualized with a DP70 microscope (Olympus) at a band pass range of 500-556 nm.
Nutritional downshift. Strain KO-561 was grown in SC+uracil medium supplemented with amino acids (histidine, lysine, leucine, tryptophan and tyrosine) as required. After 24 h of cultivation (midgrowth phase; OD 600 0.5), cells (50 ml) were collected on a membrane filter (47 mm diameter, 0.45 mm pore size; Millipore), washed with a small amount (5 ml) of the medium to be transferred, and rapidly transferred to the original volume of fresh SC+uracil medium but lacking the required amino acids. Incubation was then continued for 30 min with shaking. [Although deprivation of the required amino acids may be sufficient for nutritional downshift, 3-aminotriazole (5 mM), an inhibitor of histidine biosynthesis, was included in the transfer medium to block histidine synthesis completely.] Aureobasidin (0.5 mg ml
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) was included in the medium before and after downshift to maintain the plasmids. At the indicated time points, cells were collected on a membrane filter, and immediately placed upside down in 1 M formic acid to extract the nucleotides (see below).
Analysis of intracellular nucleotides. Strains were grown in 120 ml YPD, SC2uracil or SC+uracil medium. At the indicated time points, 15 ml was filtered with a membrane filter, washed with a small amount (15 ml) of water, immediately placed upside down in 7 ml 1 M formic acid, and left to stand at 4 uC for 1 h. After separating cell debris by centrifugation (5000 r.p.m.) for 10 min at 4 uC, the supernatant was filtered using a Millex HA filter unit (0.45 mm pore-size, Millipore) and frozen immediately for vacuum evaporation. The residue was dissolved in 0.3-0.5 ml deionized water, and aliquots of 100 ml were subjected to HPLC analysis. When measuring the ppGpp level in the mitochondrial fraction, strain KO-561 was grown in YPD medium until OD 600 0.5-1. The cells were harvested and the mitochondrial fraction was prepared by the method of Meisinger et al. (2000) . Nucleotides were extracted as described above. Nucleotide pool sizes were analysed using an HPLC system (Hitachi D-7000 HPLC series with an L-7100 pump and an L-7400 UV detector; or Shimazu Prominence HPLC system equipped with diode array detector SPD-M20A) with an ion-exchange column (Partisil 10 SAX, 4.6 mm625 cm; GL Sciences) as described previously (Ochi, 1987a) . The intracellular concentrations of nucleotides are expressed as picomoles per milligram dry weight of cells. One OD unit (representing 1 ml of an OD 600 51 culture) was equivalent to 0.413 mg of dry cell weight.
IMP dehydrogenase assays. IMP dehydrogenase was assayed according to the method described by Jenks & Reines (2005) . Briefly, strain KO-560 was grown to late growth phase in YPD medium, and crude cell extracts were subjected to enzyme assay. Reaction mixtures contained 0.5 mM IMP, 2 mM NAD, 100 mM KCl, 3 mM EDTA, 1 mM DTT and 50 mM Tris/HCl (pH 8) in the presence or absence of various amounts of ppGpp or mycophenolic acid. Samples were incubated at 37 uC for 30 min. 
RESULTS

Heterologous expression of plant Sj-RSH in yeast
We first attempted to express a RelA-SpoT homologue (Sj-RSH) constitutively in yeast cells to determine the possibility of ppGpp synthesis and its physiological consequences. Using yeast plasmid pAUR123 with the Adh1 promoter, we constructed plasmid pAUR-SjRSH harbouring the Sj-RSH gene derived from the plant Suaeda japonica (see Methods).
The plasmids pAUR-SjRSH and pAUR123 (as a vector control) thus constructed were introduced separately into S. cerevisiae YM4271. The resulting transformants, KO-561 (harbouring pAUR-SjRSH) and KO-560 (harbouring pAUR123), were used for further analyses. As shown in Fig. 1(a) , the Sj-RSH-transformed strain KO-561 showed a reduced growth rate compared with the control strain KO-560. As expected, KO-561 produced ppGpp intracellularly, as determined by HPLC analysis using cells grown to midgrowth phase (Fig. 1b) . Co-elution with standard ppGpp showed complete coincidence with the detected ppGpp peak, and UV spectroscopic analysis of the eluted ppGpp showed agreement with the wave curve of standard ppGpp with a l max at 251 nm (data not shown). This is believed to be the first demonstration of ectopic expression of a plant RSH resulting in intracellular synthesis of ppGpp in yeast. To study the accumulation profile of ppGpp, cells of strain KO-561 grown to various growth phases (phases 1-9 in Fig. 1a) were subjected to HPLC analysis, and the results are shown in Fig. 1(c) . In contrast to the case of bacterial ppGpp accumulation, cells at the earlier growth phase were found to accumulate higher levels of ppGpp; ppGpp was scarcely Fig. 1 . Growth of S. cerevisiae strains KO-560 and KO-561 in YPD medium (a), HPLC profiles for intracellular nucleotide levels (b), changes in intracellular ppGpp level during growth (c), and transcriptional analysis of Sj-RSH by RT-qPCR (d). Strains KO-560 (with plasmid pAUR123) and KO-561 (with plasmid pAUR-SjRSH) were grown at 30 6C in YPD medium containing 0.5 mg aureobasidin A ml "1 (to maintain the plasmid). Cells grown for 24 h (b) or to the indicated growth points (a) were harvested and extracted with 1 M formic acid. The extracts were then subjected to HPLC analysis. Total RNA preparation and RT-qPCR were performed as described in Methods. Each transcriptional assay was normalized to that of ACT1. Error bars, SDs of the means of triplicate samples.
detected in the late growth phase (i.e. phase 9) (Fig. 1c) , although plasmid copy number per cell was normally maintained even at the late growth phase (data not shown). In addition, gene transcription analysis by RT-qPCR indicated that the Sj-RSH gene was transcribed at a constant level throughout the entire growth phase (Fig. 1d) , thus raising the possibility of defects in translation efficiency and/ or protein stability at the late growth phase. The observed growth defect in KO-561 (Fig. 1a) appeared to be due to the aberrant accumulation of ppGpp in yeast cells. In bacteria, ppGpp is synthesized in response to amino acid deficiency. To study the mechanism by which ppGpp is produced in S. cerevisiae, a nutritional downshift experiment was performed to provoke starvation by transferring the KO-561 cells to medium lacking the required amino acids (see Methods). It was notable that the ppGpp pool size did not increase but decreased rapidly (to about 25 %) 30 min after amino acid depletion (Fig. 2) . Similar results were obtained when KO-561 cells grown in YPD medium were subjected to nutritional downshift (i.e. transfer to YPD medium lacking yeast extract and polypeptone) (data not shown), indicating that the observed ppGpp accumulation in S. cerevisiae cells was not related to nutritional deficiency.
Inducible expression of Sj-RSH in yeast
As the Adh1 promoter in the pAUR123 vector causes constitutive expression of the downstream gene, we constructed an inducible expression system for the Sj-RSH gene using plasmid pYC2/CT, which makes it possible to control gene expression by galactose. The plasmids thus constructed were pTN1035 harbouring the Sj-RSH ORF region and pTN1036 harbouring Sj-RSH lacking the chloroplast signal peptide (cTP)-like sequence (Fig. 3a) . These plasmids were introduced into the S. cerevisiae uracil-requiring strain INVSc1. The resulting transformants (TN2080 and TN2086), together with the vector control transformant (TN2077), were used to study the growth and ppGpp accumulation in SC2uracil medium Fig. 2 . Changes in intracellular ppGpp, GTP and ATP levels after nutritional downshift. Strain KO-561 was grown to mid-growth phase in SC+uracil medium supplemented with amino acids as required and subjected to amino acid deficiency as described in Methods. Expression of RSH in S. cerevisiae with or without galactose. The transformant TN2080 (with pTN1035) showed a markedly reduced growth rate in the presence of galactose but not in its absence (Fig. 3b) . Marked growth inhibition was still observed in the transformant TN2086 harbouring the Sj-RSH gene lacking the signal peptide-like sequence. As expected from the growth profiles, the transformants TN2080 and TN2086 (but not the vector control TN2077) both showed accumulation of high levels of ppGpp [300-500 pmol (mg dry weight)
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] during the early growth phase (Fig. 4) . In bacteria, such high levels of ppGpp are detected only when bacterial cells are starved of amino acids or when E. coli is grown under slow-growth conditions (Cashel et al., 1996; Kasai et al., 2006; Ochi, 1987a; Ochi et al., 1981) . It is also notable that TN2080 and TN2086 showed significantly lower levels of GTP than TN2077 during the early growth phase (0-10 h).
Localization of Sj-RSH
To examine the localization of Sj-RSH protein in yeast cells, the Sj-RSH-GFP fusion plasmid was constructed (see Methods). The Sj-RSH-GFP fusion protein expressed in the transformant TN2030 was localized in the cytosol as determined by fluorographic microscopy (data not shown). In accordance with this observation, ppGpp was detected exclusively in the cytosolic fraction (.95 %), but not in the mitochondrial fraction (below the limit of detection), as determined by HPLC analysis of strain TN2080 after fractionation of mitochondria followed by extraction of ppGpp (data not shown).
ppGpp does not inhibit yeast IMP dehydrogenase activity
In bacteria, ppGpp markedly inhibits the activity of IMP dehydrogenase, leading to a decrease in GTP pool size (Cashel et al., 1996; Kasai et al., 2006; Ochi, 1987b) , and the decrease in GTP has various important biological consequences (Inaoka & Ochi, 2002; Inaoka et al., 2003; Okamoto & Ochi, 1998) . In mammalian cells, IMP dehydrogenase is a rate-limiting enzyme involved in de novo GTP biosynthesis. Therefore, we examined whether ppGpp inhibits yeast IMP dehydrogenases, which are present as four isozymes (IMD 1-4 encoded by YAR073W, YHR216W, YLR432W and YML056C, respectively) (Shaw et al., 2001) . IMD1 is an inactive pseudogene. S. cerevisiae strain KO-560 was grown to mid-growth phase in YPD medium, and crude cell extracts were prepared and subjected to assay of IMP dehydrogenase activity in the presence or absence of inhibitors. As shown in Table 2 , mycophenolic acid was a potent inhibitor of yeast IMP dehydrogenase, exerting its effect at a concentration of 0.1 mM or greater, which was consistent with earlier findings (Jenks & Reines, 2005; Köhler et al., 2005) . In contrast, no measurable inhibition was detected when ppGpp was included in the reaction mixture at concentrations up to 50 mM. Unlike bacterial IMP dehydrogenases, the yeast IMP dehydrogenases appeared to be insensitive to ppGpp.
Expression of Sj-RSH increases cellular stress tolerance
Increases in cellular salt tolerance associated with expression of the Sj-RSH gene in E. coli and S. cerevisiae have been reported previously (Yamada et al., 2003) . Working with strains KO-938 (expressing Sj-RSH) and KO-937 (vector control) as used in the previous work, we further studied the effects of Sj-RSH expression on cellular tolerance to various stressful conditions. Strains were grown in SC2uracil medium (plus 1 % galactose to express Sj-RSH) under moderately stressful conditions, where growth was suppressed extensively but not completely. Strain KO-938 harbouring Sj-RSH accumulated a small amount [10-20 pmol (mg dry weight)
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] of ppGpp when grown in SC2uracil medium containing 1 % galactose, thus growing as well as KO-937 even in the presence of galactose (Fig. 5) . We readily confirmed increased salt (NaCl) tolerance caused by expression of Sj-RSH, i.e. superior growth of KO-938 (expressing Sj-RSH) compared with . Similarly, KO-938 showed growth superior to in the presence of sorbitol, ethanol or hydrogen peroxide, and under conditions of high temperature (37 u C). Increased tolerance caused by expression of Sj-RSH was also detected when cells were grown in acidified or alkalinized SC2uracil medium (Fig. 5) . Freezing is a complex and multifaceted stress, in which different stressors and stress responses appear to play important roles. Tolerance to freezing is an essential trait that influences the viability and leavening capacity of baker's yeast in frozen dough (Rodríguez-Vargas et al., 2007) . As shown in Fig. 6 , S. cerevisiae cells that underwent ppGpp accumulation showed increased tolerance to freeze-thaw treatment. Thus, yeast cells capable of accumulating ppGpp acquire a broad tolerance to chemical and physical stresses.
Gene expression profiling by DNA microarray analysis
To examine the effects of ppGpp accumulation on gene expression, DNA microarray analysis was performed by comparing strains TN2080 (which accumulates high levels of ppGpp) and TN2077 (vector control). The strains were grown to early growth phase (8 h) in SC2uracil medium containing 2 % galactose. RNA samples were extracted, processed and hybridized to GeneChips containing DNA oligonucleotide probes corresponding to all the predicted S. cerevisiae ORFs. Marked upregulation of several genes (YBR072W, YOL052C-A, YGR236C, YMR107W and YMR175W) related to the stress response was detected in TN2080 in comparison with TN2077 (Table 3 ). In particular, upregulation of YBR072C-A, encoding a hypothetical protein of unknown function was remarkable. Some of these results were confirmed by RT-qPCR analysis. Several mitochondrial genes (Q0255, Q0110 and Q0105) were also upregulated by 3.3-to 3.6-fold. On the other hand, downregulation (down to around one-third) was also detected in a variety of genes (Table 3) . These results suggested that ppGpp accumulating in the yeast cells directly or indirectly influenced the expression of both nuclear DNA and mitochondrial DNA.
Preliminary experiments using the YBR072C-A gene disruptant (purchased from Open Biosystems) showed . Growth of strains KO-937 and KO-938 under various stress conditions. Strains were precultured to stationary phase in SC"uracil medium, and then inoculated (to give OD 600 0.01) into fresh SC"uracil medium containing 1 % galactose (to express Sj-RSH), 1 % raffinose (to support growth), and stimulants (to observe the effect). Sorbitol (1.4 M), ethanol (6 %) and H 2 O 2 (0.5 mM) were added simultaneously with inoculation. Cultivation was performed at 30 6C, except for temperature stress, in which the cultivation temperature was 37 6C. #, KO-937 (control); $, KO-938 (expressing Sj-RSH).
Expression of RSH in S. cerevisiae non-defective growth in comparison with its parent strain BY4741 even under the stress conditions examined (0.6-1 M NaCl or 5-7 % ethanol) (data not shown), suggesting that the increased expression of YBR072C-A was not a cause of the enhanced tolerance to stress stimuli.
DISCUSSION
Suaeda japonica is a halophyte that can grow in the presence of 0.7 M NaCl and has been used to study salt tolerance mechanisms in plants (Yamada et al., 2003) . In the present study, we demonstrated that introducing a relA-spoT homologue (Sj-RSH) isolated from Suaeda japonica into the yeast S. cerevisiae results in ectopic expression of RSH protein, leading to the accumulation of ppGpp, accompanied by enhancement of tolerance against various stress stimuli. This was rather surprising because no genetic system to synthesize ppGpp and no ppGpp have been detected to date in eukaryotic micro-organisms, including S. cerevisiae. Many studies have confirmed that ppGpp is synthesized by RelA or RSH in a bacterial 70S ribosome-dependent manner (Cashel et al., 1996) . Nonetheless, ppGpp was produced in the Sj-RSH-transformed S. cerevisiae containing 80S ribosomes (eukaryotic type). Although mitochondria present in S. cerevisiae cells harbour 70S ribosomes, Sj-RSH protein was localized to the cytosol, as determined by fluorographic microscopy. Moreover, ppGpp was detected exclusively in the cytosolic fraction and not in the mitochondrial fraction (see Results). This was in contrast to the results in a plant (pea), in which most of the ppGpp was localized to the chloroplasts, which contain 70S ribosomes as in mitochondria (Takahashi et al., 2004) . The lack of defects in the capability for ppGpp synthesis after deleting the chloroplast signal peptide-like sequence from Sj-RSH (Figs 3 and 4) showed the irrelevance of this signal peptide for synthesis of ppGpp in S. cerevisiae. Taken together, it is highly likely that Sj-RSH catalyses ppGpp synthesis in a ribosome-independent manner. The lack of an increase in ppGpp level at late growth phase or by nutritional downshift (see Results) supported this conclusion. Non-ribosomally regulated ppGpp synthetases (e.g. RelA) have been reported by Sy et al. (1973) and reviewed briefly by Cashel & Rudd (1987) . Namely, the ppGpp synthetase activity can be partially activated by exposure to methanol (stimulated 10-fold with 20 % methanol), detergents, etc., perhaps due to an effect on the conformation of the enzyme protein similar to that brought about by the ribosome-tRNA-mRNA complex in the absence of protein synthesis. According to this concept, it is conceivable that various stress conditions could activate Sj-RSH in a similar manner and, in turn, lead to ppGppfacilitating adaptation to the stress. It would be of interest to examine whether RSH homologues isolated from other plants or bacterial sources can also give rise to ppGpp production within S. cerevisiae cells. It is also notable that the expression of several mitochondrial genes was affected in the Sj-RSH-expressing S. cerevisiae, although ppGpp was detected in the cytosolic fraction but not mitochondria. It is possible that the effects on mitochondrial gene expression were secondary effects due to changes in nuclear gene expression.
Growth defects were observed in parallel with the levels of ppGpp accumulation [i.e. no growth defects at 10-20 pmol (mg dry weight)
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, but increasing defects at 180 and 500 pmol (mg dry weight) 21 in this order] (Figs 1, 3 and 5). In bacteria (at least in E. coli), ppGpp acts primarily at the stage of transcriptional initiation during formation of the open promoter complex and/or during the first few rounds of RNA synthesis (Cashel et al., 1996; Wagner, 2002) . Mutations of rpoB (encoding the RNA polymerase b-subunit) often circumvent the ppGpp 0 phenotype, suggesting that the mutant enzymes behave like 'stringent' RNA polymerases (Wells & Long, 2003; Xu et al., 2002; Zhou & Jin, 1998) . In addition, there may be a ppGpp-dependent alteration in sfactor competition for binding to the RNA polymerase core (Jishage et al., 2002) . Recent work analysing the tertiary structure of co-crystallized RNA polymerase-ppGpp complex has demonstrated unambiguously that the RNA polymerase itself is a target for ppGpp (Artsimovitch et al., 2004) . However, it remains unclear whether ppGpp can target eukaryotic RNA polymerases, such as those of S. cerevisiae. In this regard, it should be noted that Rel-mediated effects may also involve indirect effects of ppGpp through the modulation of GTP levels, as reported for B. subtilis and Streptomyces sp. (Inaoka & Ochi, 2002; Okamoto & Ochi, 1998) . Sporulation and competence development of B. subtilis are controlled directly by the GTP level through the GTP-binding protein CodY (Inaoka & Ochi, 2002; Ratnayake-Lecamwasam et al., 2001) . The GTP level is closely linked to ppGpp synthesis because (1) ppGpp synthesis consumes GTP as a substrate, and (2) ppGpp potently blocks GTP synthesis by inhibiting IMP dehydrogenase activity. The first effect (consumption of Fig. 6 . Effects of freeze-thaw treatment on viability of S. cerevisiae strains. Cells of S. cerevisiae strains KO-560 and KO-561 grown to mid-growth phase (24 h) in YPD medium were frozen immediately in liquid nitrogen, kept at "30 6C, thawed at the indicated times, and then plated on YPD agar after appropriate dilution to measure c.f.u. The c.f.u. value at time 0 (i.e. without liquid nitrogen treatment) was defined as 100 %. #, KO-560 (control); $, KO-561 (expressing Sj-RSH). Error bars, SDs of the means of triplicate samples. Table 3 . Microarray and RT-qPCR analyses of S. cerevisiae by comparing strains TN2080 (accumulating ppGpp) and TN2077 (vector control)
Strains were grown to early growth phase (8 h) in SC2uracil medium containing 2 % galactose (to express Sj-RSH), followed by RNA preparation. The expression ratio is shown as TN2080/TN2077. ]. S. cerevisiae has four distinct IMP dehydrogenases (IMD 1-4), among which only IMD 2 is mycophenolate-insensitive (Shaw et al., 2001) . As ppGpp did not inhibit the IMP dehydrogenase activity of S. cerevisiae (Table  2) , eukaryotic IMP dehydrogenases may be insensitive to ppGpp. Thus, the decreased GTP level found in ppGppaccumulating S. cerevisiae at early growth phase (Fig. 4) can be accounted for by the consumption of GTP for ppGpp synthesis.
The intracellular ppGpp level is finely tuned in bacteria by certain proteins, as demonstrated in Streptomyces coelicolor, and the ppGpp level is critical in initiating the onset of antibiotic production in this organism, suggesting the existence of a 'threshold' level of ppGpp in each stringent response (Saito et al., 2006; Wang et al., 2010) . In a plant (pea), the ppGpp level in the chloroplast has been shown to reach approximately 10 pmol (mg dry weight) 21 when subjected to wounding stress (Takahashi et al., 2004) . It should be emphasized that low levels of ppGpp [10-20 pmol (mg dry weight)
] resulted in the acquisition of cellular stress tolerance without affecting either the growth rate of S. cerevisiae (Fig. 5) or GTP levels (data not shown). This is intrinsically important because it implies the existence of a ppGpp signalling system in eukaryotic micro-organisms, even in mammals, although these organisms have no system to synthesize ppGpp. In this regard, Sun et al. (2010) recently reported that a SpoT homologue named Mesh1, consisting of 179 amino acids with ppGpp hydrolysis activity, exists in the fruit fly Drosophila, and that homologues of this small protein are widely distributed in animal species, including humans, fish, frogs and nematodes. Although S. cerevisiae has no Mesh1 homologue, it may be possible to gain insight into Mesh1, which may play a role in defence against invasion by bacterial pathogens. Unlike RelA, factors triggering the catalytic activities of SpoT are less well characterized even in E. coli (Cashel et al., 1996; Magnusson et al., 2005) . Yeast strains have been widely used for many industrial purposes, including ethanol production and food fermentation. As ppGpp enhanced the tolerance of various stress stimuli (Figs 5 and 6), the ability to respond to low levels of ppGpp without affecting cell growth may be important for the utilization of the ppGpp system in breeding novel yeast strains. S. cerevisiae may also provide new opportunities to uncover and analyse the ppGpp signalling system in eukaryotic cells. The remarkable upregulation of the gene YBR072C-A, encoding a hypothetical protein of unknown function, may provide a clue for such an attempt. 
